Abstract: In this paper, we report the optical and thermal effects of filling the air gap between a ceramic plate phosphor (CPP) and a cup-type light-emitting diode (LED) in a white phosphorconverted LED (pc-LED) package. The aim of our work was to improve extraction efficiency fully, as well as to enhance heat dissipation; and in this case, the CPP was a two-dimensional (2D) TiO 2 nanobowl photonic crystal layer (PCL)-assisted Y 3 Al 5 O 12 : Ce 3þ (YAG: Ce). By adding a 2D TiO 2 PCL and eliminating the air gap between the CPP and the LED cup, our package exhibited better luminous efficacy, more uniform optical properties, and higher thermal conductivity than those of a 2D TiO 2 PCL-assisted CPP-capped LED with an air gap and a conventional phosphor powder dispersed in an LED package.
Introduction
A yellow [Y 3 Al 5 O 12 : Ce 3þ (YAG:Ce)] phosphor powder combined with blue light-emitting diodes (LEDs) is applied commercially for white phosphor-converted LEDs (pc-LEDs) due to its broad emission spectrum, high absorption strength, excellent thermal quenching, high quantum efficiency, and excellent chemical stability. However, the YAG:Ce-based white pc-LEDs exhibit limited conversion efficiency and luminous efficacy due to high scattering and reflective loss of the emission from the conventional micro-size powder-phosphor layer [1] - [5] . In addition, the low thermal conductivity of phosphors dispersed in silicone resin, which is used for packing phosphor powders onto the blue LED chip, causes the degradation of luminous intensity, the change of emission color from white LEDs, and the deterioration of phosphor thermal quenching [6] , [7] . Another serious problem related to the current inefficiency is that the operating temperature of LED chips in commonly used high-power LEDs increases with increasing output-power for illumination applications.
In order to solve these problems, new types of white LEDs incorporating YAG:Ce glass ceramic phosphor (GCP) [6] , [8] , [9] ; YAG:Ce phosphors in glass (PiG) [10] ; and transparent polycrystalline YAG:Ce ceramic plate phosphor (CPP) [11] - [14] have been proposed recently. However, because the fabricated GCP, PiG, and CPP are planar film-type forms with high transparency, most of the light emitted is trapped by total internal reflection (TIR), resulting in a waveguide effect and low light extractions [12] , [15] - [17] . Recently, we introduced two-dimensional (2D) SiN x nano-hole and TiO 2 nano-bowl photonic crystal layers (PCLs) on the top surface of a YAG:Ce CPP in order to improve the light extraction of YAG:Ce CPP-capped high-power white LEDs [12] , [13] . Although the CPP with 2D SiN x and TiO 2 PCL is located on the top of the blue LED cup, the light extraction of these 2D SiN x and TiO 2 PCL-assisted YAG:Ce CPP-capped LEDs increased considerably compared to that of the flat CPP-capped LEDs. Moreover, the thermal stability of the former (when used in highpower white LEDs) was improved by the removal of the phosphor powder in silicone resin, which contacts the blue LED chip in the LED package. However, the existence of an air gap, between the CPP and the LED cup with silicone resin in remote type LED packages, disturbs the light extraction from the phosphors and LED chip. This is because the TIR and waveguide effect appear simultaneously at the interface of CPP and air, as well as at the interface of silicone resin and air inside the LED cup. In addition, heat dissipation from these LEDs is also limited by the air gap between the CPP and the silicone resin coated on the blue LED chip.
Here, we propose and fabricate an air-gap-free 2D TiO 2 PCL-assisted CPP-capped LED to fully improve the relatively limited extraction efficiency as well as to enhance heat dissipation by removing the air-gap between the CPP and the LED cup. Our ultimate goal is to replace conventional YAG:Ce phosphor powders with fully extracted 2D PCL-assisted YAG:Ce CPPs for high-power LED applications. In this study, we also investigated changes in optical and thermal properties that resulted from removing the air gap of a flat YAG:Ce CPP-capped white LED and a 2D PCL-assisted CPPcapped white LED compared with the conventional phosphor powder-based white LED. Three blue LED chips (0.5 mm Â 1 mm) are mounted on a leadframe substrate in a polyphthalamide reflector cup (PPA cup). The LED module is mounted on a metal slug for heat dissipation. The size of the LED package is 5 mm Â 5 mm Â 1.2 mm, and the peak wavelength is about 454 nm. A commercial YAG:Ce phosphor powder and silicone resin mixture was dispensed into the LED cups, which we refer to as Bphosphor-in-cup[. A YAG:Ce CPP (5 mm Â 5 mm, thickness 100 m) was attached on top of the LED cup, which we refer to as Bphosphoron-cup[. YAG:Ce CPPs were purchased from Bailkowski Japan Co. Ltd. Two dimensional TiO 2 nano-bowl structures on YAG:Ce CPPs were fabricated as described previously [13] . Briefly, the 2D TiO 2 nanobowl structures were fabricated on the YAG:Ce CPPs by combining the approaches of self-assembly of polystyrene (PS) nano-spheres and atomic layer deposition (ALD). The PS monolayers of various sizes (350, 420, 580, 720, 850, and 960 nm) were transferred onto the CPPs by the scooping transfer method. A TiO 2 thin-film ($48 nm) was deposited on PS-coated CPP via ALD, forming the TiO 2 /PS/ CPP structure. The top part of the TiO 2 layer was etched by O 2 =CF 4 -based reactive-ion etching. The remaining PS nano-sphere residues were eliminated by annealing at 450 C for 2 h, forming the 2D TiO 2 nano-bowl structure on the CPP.
Experimental Details
OE-6636 A and B (Dow Corning Co. Ltd.) were used to create the silicone resin for encapsulation of the blue LED chips. OE-6636 A and B were mixed at a weight ratio of 1 : 1 and were inserted into the blue LED cups. The cups with the silicone resin were pre-cured at 100
C for 1 h. The conventional CPP and 2D TiO 2 nano-bowl-assisted CPP were then attached to the LED cups to form the agf-CPP and agf-2D CPP, respectively. Because the silicone resin was pre-cured, the CPPs easily adhered to the silicone resin without an air gap between the CPP and the LED cup. On the other hand, in order to fabricate r-CPP and r-2D CPP, the conventional CPP and 2D TiO 2 PCL-assisted CPP were put in LED cups, in which the silicone resin was completely cured at 200 C for 1 h after the pre-curing step.
Commercial YAG:Ce phosphor powders (YGA 577 200) were obtained from Merck Co. Ltd. The powders were mixed with the silicone resin in order to prepare a phosphor paste with a concentration of 20 wt% for c-powder having similar correlated color temperature (CCT) to the agf-2D CPP. After mixing, the mixture was dispensed into the LED cups and then cured at 200 C for 1 h. The optical transmittance of the YAG:Ce CPP was measured over the wavelength range of 380 to 1100 nm by UV/Vis spectrophotometer (OPTIZEN 2120UV, MECASYS). The YAG:Ce CPP was photographed using a NEX-5 (SONY) camera. The photoluminescence (PL) and excitation (PLE) spectra from the conventional YAG:Ce phosphor powder, and from the YAG:Ce CPP, were measured under 450 and 530 nm Xe-lamp excitation (respectively) using a spectrophotometer (PSI Co. Ltd. Model Darsapro-5000). Top and side-view SEM images of the 2D TiO 2 PCL-assisted CPP, with a lattice constant of 420 nm, were obtained using a field-emission scanning microscope (FE-SEM) (JSM 7401F, JEOL) operated at 10 kV. The electroluminescence (EL) properties of the five different types of white LEDs (c-powder, r-CPP, agf-CPP, r-2D CPP, and agf-2D CPP) were measured using a spectrophotometer (PSI Co. Ltd. Model Darsa II) with integrated spheres under equal current, as well as with increases in the applied current and ambient temperature. The emission images of the five different types of white LEDs at 5 mA were captured using a NEX-5 (SONY) camera.
The angular dependence of the normally-directed spectra from the five types of LEDs was measured under 450 nm LED excitation using a spectrophotometer. Their thermal conductivities were measured using a thermo-graphic camera (FLIR I40, FLIR systems). An IR camera was used to detect the surface of the LED chip and package in a conventional LED and CPP-capped LED. The ambient temperature was about 20 C. The measurements were performed under 200, 350, 500, and 650 mA input dc electrical current in the same environment. The EL properties and angular dependence from the CPP with different lattice constants were also measured. 
Results
CPP has a strong absorption peak in blue wavelengths and exhibits $80% transmittance at 550 nm [see Fig. 2(a) ], indicating that the CPPs are optically transparent in the range of visible light. Fig. 2(b) shows the excitation and emission spectra of a conventional YAG:Ce with powdered phosphor and a YAG:Ce CPP. The excitation and emission peaks of the CPP show slightly different features compared to those of the conventional phosphor-powder. Fig. 2 (c) shows top and sideview SEM images of a 2D TiO 2 nano-bowl structure (with a lattice constant of 420 nm) on a YAG:Ce CPP fabricated using the combined processes of self-assembly of PS nano-spheres and ALD reported in our previous publication [13] . This indicates that the 2D TiO 2 nano-bowl structure with CPP was successfully fabricated. Fig. 3 (a) and (b) show the EL emission spectra, luminous efficacy (lm/W), and CCT of the five different typed white LEDs (c-powder, r-CPP, agf-CPP, r-2D CPP, and agf-2D CPP) at equalcurrent (350 mA, rated current). By the TiO 2 nanobowl structure used as a 2D PCL on flat YAG:Ce CPP, the intensities of the yellow emission and luminance of the r-2D CPP were higher than those of the r-CPP. Moreover, as a result of filling the air gap between the CPP and the LED cup with silicone resin, the intensities of the yellow emission and luminance of the agf-CPP and agf-2D CPP become greater than those of the r-CPP and r-2D CPP, respectively, due to elimination of the TIR and waveguide effect at interface of silicone resin and air inside the LED cup. These results indicate that light extraction from CPP-capped LED was enhanced substantially via the combined effect of the Bragg scattering at the interface between CPP and air by 2D PCL and the elimination of waveguiding effect at the resin-air interface.
As shown in Fig. 3(b) , the luminous efficacy of the agf-2D CPP was 144.1 lm/W, which is approximately 89%, 32%, 23%, and 4% higher than that of the r-CPP (76.4 lm/W), agf-CPP (109.3 lm/W), r-2D CPP (116.9 lm/W), and c-powder (138.6 lm/W), respectively. In addition, the CCT ($4200 K) of the agf-2D CPP was low compared to those of the r-CPP ($6300 K) and r-2D CPP ($4350 K) despite high CCT compared with the c-powder. This change is attributed to the increase in the yellow emission from the CPP and the decrease in the transmitted blue light from the blue LED due to the leaky or Bragg scattering of blue absorption and yellow emission by the introduction of the 2D PCL on the CPP [18] - [20] . This is also attributed to the increase in un-trapped light from the CPP and blue LED due to elimination of the TIR and waveguide effect at resin-air interface by the removal of the air gap between the CPP and the LED cup. Fig. 3(c) shows photographs of emissions from the five different white LEDs at equal-current (5 mA). The agf-2D CPP exhibited the greatest emission of white light among the five different white LEDs; due to combination of the PCL effect and no air-gap effect. These images indicate that the 2D TiO 2 nano-bowl-assisted YAG:Ce CPP can be used in white LEDs as a replacement for conventional phosphor powders if the air-gap between the CPP and the LED cup is filled with silicone resin.
In order to analyze the suitability of the five different white LEDs for use as high-power LEDs, the detailed EL properties were compared as functions of both the applied current and the ambient temperature. Plots of both luminous efficacy (lm/W) and CCT of the five different white LEDs as a function of the applied current are shown in Fig. 4(a) and (b) . The luminous efficacy of the r-CPP, agf-CPP, r-2D CPP, and agf-2D CPP decreased with an increase in the applied current from 50 to 700 mA, as shown in Fig. 4(a) . The enhancement ratio of luminous efficacy by the introduction of 2D PCL and the elimination of air gap is almost constant at all applied current ranges from 50 to 700 mA. This indicates that the effects from using the 2D TiO 2 PCL and filling the air gap are not changed by increasing the applied current. On the other hand, the luminous efficacy of the c-powder decreased sharply when the applied current above 500 mA. Because the conventional powdered phosphors are in direct contact with the blue LED chip, they are directly influenced by the increased temperature caused by an increase in the applied current inside the LED cup. This greater current-dependence of the c-powder is attributed to the combined effects of current degradation of the blue LED and thermal quenching of the phosphor powders. Due to the combination of detrimental effect by the phosphor powder and the positive effects from use of the 2D PCL and filling air-gap, the luminous efficacies of the agf-2D CPP were superior to those of the c-powder at all applied current ranges. For the same reason, the CCT of the c-powder exhibited a large change with an increase in the applied current above 500 mA, whereas the CCT of the agf-CPP, r-2D CPP, and agf-2D CPP remained almost unchanged at $4300 K regardless of the applied current [see Fig. 4(b) ]. Thus, the introduction of 2D PCL and the elimination of air gap in the CPP-capped LED increased the intensity of the yellow emission from the CPP, changing the bluish white color temperature ($6300 K) of the r-CPP to a more desirable white color temperature ($4200 K). Fig. 4(c) and (d) shows the luminous efficacy and CCT variation, with an increase in ambient temperature at equal current (350 mA). As for an increase in ambient temperature, the luminous efficacy and CCT of the c-powder degenerated sharply when the temperature rose above 60 C. The figure also indicates that the introduction of 2D PCL and the elimination of air-gap in the CPP-capped LED improves the thermal stability of efficacies and reduces the temperature variation of the CCTs. These results confirm that the temperature stability of the phosphor powder is not good and that the agf-2D CPP has good thermal stability for use in a high-power white LED.
The angular dependence of the emission spectrum was examined to compare differences in viewing angle of the five white LEDs. Fig. 5(a) shows the measured and normalized luminous flux as a function of the viewing angle for the five LEDs at equal current (350 mA). The emission of the c-powder with an increase in the viewing angle showed larger variation than those of the r-CPP, agf-CPP, r-2D CPP, and agf-2D CPP, meaning stable angular dependence on the emission of CPP-capped LEDs. In addition, the r-CPP and agf-CPP showed stronger edge-emission than the r-2D CPP and agf-2D CPP, due to the strong wave-guide effect at the interface between the surface of the flat CPP and the air. Fig. 5(b) shows comparisons of angular color uniformity (ACU) in an angle range from 0 to 70 for c-powder, agf-CPP, r-2D CPP, and agf-2D CPP. The ACU is a significant property for high quality white light and defined as the ratio of the minimum CCT (angle of 70 ) to the maximum CCT (angle of 0 ) [21] , [22] . The agf-CPP exhibited low ACU (0.32) because the directional emission of un-scattered blue LED plays a more important role in the white emission; however, the white emission of the agf-CPP is higher than that of the r-CPP. This means that variation of CCT for the agf-CPP is very large (an angle range of 0 to 70 ). The figure also indicates that the addition of the 2D TiO 2 PCL on the CPP-capped LED improves the ACU due to scattering of blue and yellow emission by leaky or Bragg scattering, or both. In addition, the agf-2D CPP exhibits the highest ACU due to combined effect from the 2D PCL and air gap. Fig. 5(c) and (d) shows that the variation of the color coordinates for the agf-2D CPP is smaller than those for the c-powder, r-CPP, agf-CPP, and r-2D CPP, with an increase in the angle range from 0 to 70 . This result additionally confirms that the introduction of 2D PCL and the elimination of air gap between the CPP and the LED cup with silicone resin in white pc-LED enhanced the viewing angle stability of the color coordinates.
In order to evaluate the thermal conductivity of white pc-LEDs with an increase in the applied current for use in high-power white LEDs, the real temperatures from six different LEDs (blue LED with silicone resin, c-powder, r-CPP, agf-CPP, r-2D CPP, and agf-2D CPP) were measured as the applied current increased from 200 to 650 mA (see Fig. 6 ). Generally, heat from a LED package is generated at both the LED chip and the phosphor. The heat from the LED chip is generated due to imperfect conversion efficiency of electricity to light and absorption of back-scattered light, and the heat from the phosphor is generated by the conversion loss of the phosphor and self-absorption of yellow light [23] - [26] . In the case of the c-powder, more blue light emanated from the chip would be back-scattered to the chip because the phosphor layer is directly coated on the chip, increasing the heat generation of the chip. This increased heat from the chip is easily transferred to the phosphor layer due to the direct phosphor coating form without thermal isolation. In addition, since the phosphor conversion efficiency is not 100%, the remaining, which is not converted into yellow light emission by the blue light, is converted to heat. By negative effects of this phosphor, the heat from the c-powder LED is high compared to the heat from the blue-LED without phosphor, as shown in Fig. 6 . On the other hand, the heat generated from the chip in the agf-2D CPP is lower than that from the chip in the c-powder because the phosphor layer (CPP) is separated from the chip by the silicone resin as a remote form. In the general remote phosphor coating form, the phosphor layer is surrounded by a silicone encapsulant with poor thermal conductivity, and consequently, the heat generation from the phosphor is high. However, the heat generation from the CPP would be low compared to that from the remote phosphor because the CPP is a polycrystalline ceramic form prepared without a silicone encapsulant and has high thermal conductivity. In addition, removal of the air gap between the CPP and the LED cup facilitates heat transfer from the CPP. The introduction of the 2D PCL to the CPP also enhances the heat dissipation because the 2D PCL can decrease trapped light, which can be transferred to heat, from the CPP. Therefore, the agf-2D CPP and c-powder exhibited the lowest temperature (114.0 C) and the highest temperature (150.0 C) among six different types of LEDs at 650 mA, respectively, as shown in Fig. 6 . Fig. 7(a) and (b) shows plots of the real temperature and the ratio of the variation of temperature to the variation of applied current for six different LEDs with an increase in the applied current from 200 to 650 mA. These figures indicate that the slope and ratio on the c-powder are the largest among six different types of LEDs, while the slope and ratio of the agf-2D CPP are the lowest. These results reconfirmed that the agf-2D CPP can be used in high-power white LEDs due to its faster heat dissipation.
The lattice constants of the 2D TiO 2 nanobowl structure can easily be controlled by changing the sizes of the PS nano-sphere during fabrication. Fig. 8 shows luminous efficacies and CCTs of the r-CPP, agf-CPP, r-2D CPP, and agf-2D CPP at equal current (350 mA), in which 2D TiO 2 PCLs were fabricated with various lattice constants (350, 420, 580, 720, 850, and 960 nm). As shown in Fig. 8(a) , the luminous efficacies of the r-2D CPP and agf-2D CPP, with six different lattice constants, increased compared to that of the r-CPP, regardless of the existence of air gaps. When the air gap between the CPP and the LED cup existed, the maximum efficacy (121.2 lm/W) was achieved by adding a nanobowl with lattice constant of 580 nm onto the CPP. After the air gap between the CPP and the LED cup was filled with silicone resin, the agf-2D CPP with lattice constant of 420 nm exhibited the optimum efficacy (144.1 lm/W), which is higher than that (138.6 lm/W) of the c-powder. In addition, the agf-2D CPPs with various lattice constants exhibited unchanged CCTs compared with r-2D CPPs, as shown in Fig. 8(b) . 
Conclusion
This study evaluated the influences, on YAG:Ce CPP-and 2D TiO 2 PCL-assisted CPP-capped LEDs, of leaving or filling the air-gap between the CPP and the LED cup with silicone resin, in order to fully improve the relatively limited extraction efficiency and to suppress limited heat dissipation of the white pc-LED package. The luminous efficacy (144.1 lm/W) of the air-gap-free 2D TiO 2 PCL-assisted YAG: Ce CPP-capped LED was 89, 32, 23, and 4% higher than that of the flat CPP-capped LED (76.4 lm/W), air-gap-free flat CPP-capped LED (109.3 lm/W), 2D TiO 2 nano-bowl-assisted CPP-capped LED (116. 9 lm/W), and conventional powder-based LED (138.6 lm/W), respectively. In addition, the air-gap-free 2D TiO 2 PCL-assisted YAG:Ce CPP-capped LED exhibited reduced variation of optical properties as a function of both applied current and ambient temperature, as well as good thermal conductivity compared with the conventional powder-based LED. These results are attributed to the combined effect by the introduction of 2D TiO 2 PCL and the elimination of air-gap between the CPP and the LED cup by filling with silicone resin. It is expected that air-gap-free 2D TiO 2 PCL-assisted YAG:Ce CPPcapped LED will be good candidates for use as high-power white LEDs in automobile headlights. 
